I. INTRODUCTION
A region of strong Langmuir wave emissions was observed upstream of Venus' bow shock using the Galileo plasma wave experiment during the gravity assist flyby of Venus on February 10, 1990. These I.angmuir waves were most likely produced by energetic electrons streaming into the solar wind from the bow shock, similar to the process by which Langmuir waves are generated upstream of the Earth's bow shock [Scarf et al., 1971] . Magnetic fieldaligned electron fluxes propagating upstream from the bow shock to the spacecraft at energies above -100 eV have been reported by the Galileo plasma instrument [Frank et al., 1991] . It is well known that electron beams can produce Langmuir waves by a process known as the beam-plasma instability [Bohm and Gross, 1949] . As the electrons stream along the interplanetary magnetic field lines, the solar wind convects the particles downstream as shown
in Figure 1 . Due to time-of-flight effects, only the highest energy (fastest) electrons can reach the spacecraft, thereby forming a beam [Filbert and Kellogg, 1979] . The electrons originating from the tangent point with the highest energy define a region called the electron foreshock (see Kellogg, 1979] where vc is the critical velocity, d is the distance along the tangent field line from the tangent point to the spacecraft, v_ is the solar wind velocity, and D is the depth parameter.
Electrons with velocity less than this critical velocity will be convected downstream before reaching the spacecraft.
Considerable effort has gone into explaining the observed characteristics of Langmuir waves. One of the areas of greatest interest, especially in association with Type HI radio bursts, is the interaction of the Langmuir waves and the electron beam. The main issue involves the mechanism that allows the electron beam to propagate over large distances, much larger than allowed by a simple linear theory. Some of the mechanisms that have been proposed to limit Bardwell and Goldman, 1976; Goldstein et al., 1979; Smith et al., 1979; Freund and Papadopoulos, 1980; Linet al., 1986; Cairns and Robinson, 1992; Robinson et al., 1993] , strongly nonlinear processes, such as soliton collapse [Zakharov, 1972; Galeev et al., 1975; Nicholson et al., 1978; Goldman, 1984; Shapiro and Shevchenko, 1984; Robinson and Newman, 1991] , and the stochastic-growth model [Robinson, 1992; Robinson et al., 1992 Robinson et al., , 1993 . All these mechanisms shift the I.angmuir waves out of resonance with the beam, which limits the growth of electric fields sufficiently to prevent the disruption of the beam. Another property which has received a great deal of attention [Gurnett et al., 1981; Etcheto and Faucheux, 1984; Fuselier et al., 1985; Lacombe et al., 1985; Cairns, 1987; Dum, 1990a Dum, , 1990b Dum, , 1990c is the large spreading in frequency of the Langmuir waves observed in electron foreshock regions.
Frequency spreading is also not predicted by the simple linear theory. Scarf et al. [1980 ] and Crawford et al. [1990 , 1991 , 1993a , 1993b Kivelson et al. [1992] .
If. DESCRJFrlON OF THE EVENT
The Langmuir waves presented here were observed by the Galileo plasma wave experiment on February 10, 1990. For a review of the initial Galileo Venus observations, see Kivelson et al. [1991] , Gurnett et al. [1991] , Williams et al. [1991] , and Frank et al. [1991] .
The interval over which the plasma wave experiment captured data at Venus was well positioned to observe the upstream Langmuir waves. Figure 2 shows the frequency-time spectrograms of the electric and magnetic field intensities obtained from the medium-and low-frequency receivers, which provide low-rate measurements in 116 channels from 5 Hz to 160 kHz. Four bow shock crossings determined by the magnetometer experiment [Kivelson et al., 1991] are shown by arrows at the top of Figure 2 , along with the plasma region the spacecraft was in (solar wind or magnetosheath). The slight offset of the arrows from the increase in the electric and magnetic field noise levels in the spectrogram is due to the sweep time of the receivers and the size of the pixels. The multiple shock crossings are caused by the bow shock moving back and forth over the spacecraft [Kivelson et al., 1991] . The Langmuir waves can be seen in the upper panel (electric field spectrum) starting at about 0450 liT, in the 10 to 50 kHz frequency band. A weak Langmuir wave signal can also be seen between the shocks, from about 0440 to 0447 UT, also in the 10 to 50 kHz frequency band. At least two types of oscillations can be seen, one consisting of a nearly steady line at a frequency of about 43 kHz, which is believed to be the electron plasma frequency, ft,¢, and a second component that is shifted both downward and upward in frequency from fp_. The identification of the steady line at 43 kHz as the electron plasma frequency is in good agreement with the Galileo plasma instrument, which gave an 7 electron densityof 22 cm-3, which correspondsto a plasmafrequency of 42 kHz for the time interval from 0448 to 0638 UT [Frank et al., 1991] One way to display the waveform data is to Fourier transform each of the waveform blocks, and then plot the sequence of transform amplitudes in the form of a frequency-time
spectrogram.
An example of such a spectrogram is shown in Figure 3 . The spectrogram shows a 50-second interval of the high-resolution waveforms (7.82 ms blocks). The Langmuir waves can be most easily seen as the bursty signals that start approximately 12 seconds into the spectrogram.
A weak signal at approximately 43 kHz can also be observed a few seconds before the onset of the much stronger emission. The Langmuir waves show large upshifts and downshifts in frequency from the electron plasma frequency, which was estimated to be approximately 43 kHz during this period. The upshifts and downshifts can be as large as 20
kHz. The Langmuir waves also show extremely rapid temporal variations, many with time scales smaller than the time between successive waveform blocks (66.67 ms).
The top panel of Figure 4 shows a frequency-time spectrogram of the low-resolution waveforms (0.63 ms blocks). This spectrogram shows the entire low-resolution data set. Note that the time axis is now in minutes, and the total interval displayed is 30 minutes, from 0435 to 0505 UT. The observed signals are composed of two components, a weak narrowband component near the plasma frequency, and a stronger broader bandwidth component which shows large upshifts and downshifts in frequency. The middle panel of Figure 4 shows the depth parameter (see Figure 1 ) as inferred from the measured solar wind magnetic field [Kivelson et al., 1991] . Note that the depth and up distance from the caption of Figure 5 [ Kivelson et al., 1991] is incorrect. Depth is defined as positive when the spacecraft is antisunward of the foreshock boundary, and up distance is negative in the antisunward direction from the tangent point.
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The variability in the depth parameter was estimated by varying the terminator shock distance.
Using as an upper limit the range of 0.1 P_ as a function of 0ha found by Zhang et al.
[1991] for the terminator crossing distances, the eccentricity and semi-latus rectum of the shock model was modified in order to maintain a fixed sub-polar distance of the shock. the Earth, and has been determined to be related to the speed of the electron beams producing the Langmuir waves [Etcheto and Faucheux, 1984; Fuselier et al., 1985; Lacombe, 1985] .
The origin of the narrowband emission near the plasma frequency, for the period from approximately 0441 to 0446 UT and 0452 to 0459 UT, is not as well understood. Figure   4 where the narrowband emission disappears as the depth parameter goes to zero, which corresponds to Galileo leaving the foreshock. The first two periods correspond to times when Galileo entered the magnetosheath [Kivelson et al., 1991] . The absence of a signal during these periods can be explained by the decrease in the gain of the wideband receiver due to the strong broadband low-frequency signals that are present in this region (see Figure 2 ). During the last two intervals, Galileo is upstream of the tangent field line and no longer in the foreshock region (it is believed from the characteristics of the electric and magnetic field spectrum from Figure   2 that the last period corresponds to Galileo briefly exiting the foreshock, even though the depth parameter is still positive). Figure  1 ) that is very similar to the spectrogram in the top panel of Figure   4 , but the electric field intensity of their emission at the plasma frequency was usually larger than the electric field intensity of the downshifted emissions. intensities, much higher than the electric fields observed at Venus. This model was developed to account for the distribution of the most intense plasma waves observed at the Earth's electron foreshock, and does not predict the weak emission that is observed at Venus.
A fourth possible explanation for the narrowband emissions is that high-speed electron beams are present at the same time as the slow-speed electron beams.
The high-speed beam could produce the emission near the plasma frequency, and the slow beam could produce the downshifted emissions. Further work is required to determine the exact process, or processes, that produce the narrowband emission near the plasma frequency.
To examine the f'me structure of the Langmuir waves, the individual waveform blocks were studied. Approximately 28,000 waveform blocks were captured by the wideband waveform receiver, of which approximately 2360 were 7.82 ms blocks, and 25,800 were 0.63 ms blocks. Figure 5 shows four waveform blocks from the high-resolution mode (7.82 ms).
As can be seen, the waveforms show considerable variations. Further evidence of the beat hypothesis can be obtained from the spectrum of the beat-type waveforms. Figure 6 shows the spectrum of the waveform from panel ( Each of the 601 waveform blocks were examined to determine the peak electric field amplitude.
If the waveform was not clipped, the peak amplitude was read directly from the plot.
If the waveform was clipped, the peak amplitude was estimated by extrapolating the envelope of the waveform beyond the boundary of the plot. For a more detailed description of the method of deriving amplitudes from the waveform data, see Gurnett et al. [1993] .
Approximately 9% of the 601 waveforms that have corresponding AGC values were clipped in some manner, but none of these waveforms were so severely clipped that the peak amplitude could not be estimated by extrapolating the waveform envelope beyond the plot.
The results of this survey are shown in Figure 7 . As can be seen, the largest peak electric field amplitude was a little over 1 mV/m, which corresponds to an energy density ratio of approximately 10 -8. The majority of the amplitudes ranged between 0.003 and 0.1 mWm (energy density ratios of 10-13 to 10-_l The bottom panel of Figure  4 shows the variation over time of the peak electric field strength of the Langmuir waves shown in Figure 7 . The largest amplitudes tend to occur during periods of small depth parameters (for example 04:38.5, 04:47 to 04:51 and 05:02 UT). These periods corresponds to times when the spacecraft is near the foreshock boundary. This correlation agrees with results obtained at Venus [Crawford et al., 1990 [Crawford et al., , 1991 and at the Earth [Filbert and Kellogg, 1979; Etcheto and Faucheux, 1984; Fuselier et al., 1985; Lacombe et al., 1985] which showed that the largest electric field amplitudes were observed near the foreshock boundary.
V. DISCUSSION
This paper has used the very high-resolution waveform measurements captured by the The isolated wavepackets are suggestive of a strong nonlinear process, such as soliton collapse. However, the field strengths usually are too small to support this conclusion.
To determine if the fine structure of the Langmuir waves observed at Venus is caused by a strong nonlinear process, the ratio of the electric field energy density, E2/8_r, to the plasma energy density, n_T was calculated. If EoE2/(n_T) > (_v) 2 then the interaction is considered strong, otherwise it is a weak process. Using the solar wind parameters from above and taking k --2a-/L, where L -8 )_Dis the smallest scale size for the wave packets, the threshold for a strong nonlinear process is approximately 3.6 V/re. This threshold is over three thousand times larger than any of the measured values. If an electric field of 1 mV/m is assumed, which is the largest field that was measured, a scale length of approximately 29,000 _,D, or 528 ms, is needed. It is possible that some of the waveform blocks that do not have corresponding AGC values could have a much higher amplitude than 1 mV/m, but it is doubtful that any have amplitudes as large as 3.6 V/re. Amplitudes of this magnitude would severely clip and distort the waveform receiver, and no severe distortion of this type was observed.
The beat-type waveforms are strongly suggestive of two waves of comparable amplitude, but slightly different frequency interfering with each other. One possible explanation is that the beat-type waveforms are Langmuir waves excited by electron beams of different velocities.
Variations of the electron beam velocities have been proposed to explain the observed downshifts and upshifts in frequency [Fuselier et al., 1985; Cairns, 1987] . However, this explanation does not explain the many cases where the two waves are of comparable amplitudes. Random superposition of wave packets from waves excited by different velocity beams would not be expected to have the same amplitude. Different electron beam velocities may account for some of the fine structure that is observed. However, it is unlikely that it accounts for all of the beatlike waveforms.
A more likely cause of many of the beat-type waveforms is a weak-turbulence process.
The hundred Hz to about 9 kHz. The broadband signal located from approximately 6 to 8 kHz is the approximate frequency difference of the two main signals, and is in good agreement with the beat frequency observed in the waveform (-7 kHz). The low-frequency signals, especially the signals located at the observed beat frequencies, axe strongly suggestive of the low-frequency ion acoustic waves predicted above. These signals axe often very weak and do not appear in every beat-type waveform spectrum, which may explain why they axe not observed in Figure   3 . Though these features suggest a parametric decay process, further work and analysis axe needed to confirm these results. for their efforts in carrying out the data processing. ,,,,,,, , I,,,,,,, , I,,,, 
